1. Introduction {#sec1-molecules-25-02998}
===============

Zebrafish (*Danio rerio*) has been used as a model organism in several fields of research for the past 40 years. This animal model displays relevant traits that makes it a very powerful tool: fast development, high fecundity that provides a large number of individuals, cheap maintenance, and ease of manipulation \[[@B1-molecules-25-02998]\]. Zebrafish also exhibits a variety of complex brain-related behaviours that are believed to parse human behaviours such as learning, attention, memory, aggression, reward, anxiety, and stress \[[@B2-molecules-25-02998],[@B3-molecules-25-02998],[@B4-molecules-25-02998],[@B5-molecules-25-02998],[@B6-molecules-25-02998],[@B7-molecules-25-02998],[@B8-molecules-25-02998],[@B9-molecules-25-02998]\]. Among these, anxiety \[[@B10-molecules-25-02998],[@B11-molecules-25-02998],[@B12-molecules-25-02998]\] and reward \[[@B13-molecules-25-02998],[@B14-molecules-25-02998]\] are the most relevant ones for the characterisation of substances of abuse. Furthermore, the zebrafish neurochemical and neuroanatomical systems share many similarities with mammals \[[@B15-molecules-25-02998],[@B16-molecules-25-02998],[@B17-molecules-25-02998]\] and display analogous sensitivity to a wide spectrum of drugs that act on the central nervous system (CNS) \[[@B18-molecules-25-02998]\], including drugs of abuse.

In mammals, drugs of abuse generate addiction by activating the mesolimbic reward pathway, which is a circuit of dopaminergic neurons going from the ventral tegmental area to the nucleus accumbens \[[@B19-molecules-25-02998],[@B20-molecules-25-02998]\]. Although the brain of the zebrafish lacks these structures, there is evidence for dopaminergic response in the telencephalon of teleosts, which resembles those of the mammalian mesolimbic system \[[@B21-molecules-25-02998]\], and putative homologous structures has been identified in the posterior tubercle of zebrafish that may exert the same function \[[@B16-molecules-25-02998],[@B22-molecules-25-02998]\].

Consequently, the reward-motivated behaviour of zebrafish can be used for determining the addictive properties of drugs through the conditioned place preference (CPP) paradigm. In this test, the reinforcing properties of drugs of abuse serve as a conditioning stimulus (primary motivation) which are repeatedly matched with environmental stimuli (conditioned stimulus), making the fish to change its preference to the side where the drug is administered \[[@B23-molecules-25-02998]\]. This paradigm has been successfully applied to zebrafish by other groups to study the effects of a variety of drugs of abuse, including cocaine, nicotine, ethanol, and D-amphetamine \[[@B13-molecules-25-02998],[@B24-molecules-25-02998],[@B25-molecules-25-02998],[@B26-molecules-25-02998],[@B27-molecules-25-02998]\]. In addition, it has been also applied to determine the effect of novel compounds/mechanisms with possible anti-addictive properties \[[@B28-molecules-25-02998],[@B29-molecules-25-02998]\].

The novel tank diving test is one of the preferred paradigms for measuring anxiolytic profiles of drugs on zebrafish. This model utilises the natural trend of zebrafish to seek refuge when exposed to novel environments, similar to the rodent open field test, and so the fish spends longer periods of time at the bottom of the tank when anxious, a behaviour which is reversed when an anxiolytic drug is administered \[[@B11-molecules-25-02998],[@B30-molecules-25-02998]\].

nAChRs are a wide family of ligand-gated channels that are constituted by 5 subunits forming a pore. The heteromeric α4β2 and the homomeric α7 nAChR subtypes are the most relevant ones, among others \[[@B31-molecules-25-02998],[@B32-molecules-25-02998]\]. nAChR are involved in many different behaviours, including memory \[[@B33-molecules-25-02998]\] and addiction \[[@B34-molecules-25-02998]\], and play a pivotal in the anxiolytic activity of nicotine \[[@B35-molecules-25-02998]\]. In relation to gene expression, it has been demonstrated that nicotine administration produces an increment in the mRNA levels of nAChR subunit α7 in mice \[[@B36-molecules-25-02998],[@B37-molecules-25-02998]\], but it has also been observed that nicotine upregulates nAChRs without noticeable changes in mRNA levels \[[@B38-molecules-25-02998],[@B39-molecules-25-02998]\]. In zebrafish it has been reported that after nicotine treatment that induces CPP, no changes in the mRNA levels of the α4 subunit of nAChR were observed, whereas an increase in the α7 subunit nAChR was detected \[[@B24-molecules-25-02998],[@B27-molecules-25-02998]\].

Here, we report that both UFR2709 ([Figure 1](#molecules-25-02998-f001){ref-type="fig"}), a nAChR antagonist that reduces ethanol intake in rats \[[@B40-molecules-25-02998]\], and nicotine exert anxiolytic effects on zebrafish subjected to the novel tank diving test. Furthermore, we show that UFR2709 blocks the effect evoked by nicotine on the CPP paradigm and that both treatments differentially affect the levels of mRNA expression of α4 and α7 nACh receptor subunits in the brain of adult zebrafish.

2. Results {#sec2-molecules-25-02998}
==========

2.1. Effects of Nicotine and UFR2709 on the Novel Tank Diving Test (NTT) {#sec2dot1-molecules-25-02998}
------------------------------------------------------------------------

Adult fish were exposed to nicotine (*n* = 20) or UFR2709 (*n* = 20) for 3 min and were then maintained for another 5 min in a holding tank before testing the swimming behaviour in the test tank for a period of 5 min. Nicotine and UFR2709 were used at two different concentrations, 50 and 100 mg/L. The bottom dwelling time for the control group was 238.4 ± 10.8 s, and this time was significantly reduced to 68.9 ± 16.3 s when the concentration of nicotine was 100 mg/L. Lower levels of nicotine (50 mg/L) produced a smaller but still significant reduction (120.8 ± 22.5 s). UFR2709 at 100 or 50 mg/L also induced a significant and dose-dependent decrease in bottom dwelling time to 52.9 ± 13.8 and 87.0 ± 19.6 s, respectively ([Figure 2](#molecules-25-02998-f002){ref-type="fig"}). These findings indicate that both compounds produce a decrease in the bottom dwelling for novel tank test (NTT).

2.2. Effects of Nicotine and UFR2709 on Conditioned Place Preference (CPP) {#sec2dot2-molecules-25-02998}
--------------------------------------------------------------------------

The time spent in each compartment (white or brown) on the CPP tank was registered during a period of 10 min. The baseline time and preference place for the free-drug pre-test experiment was estimated using naïve zebrafish. These control experiments indicated the brown compartment as the preferred place (animals spent 60% of the 10 min assay period in this compartment). For the CPP tests, we used 50 mg/L of nicotine (*n* = 8) (we used this concentration to prevent any possible aversive effect at 100 mg/mL) or UFR2709 (*n* = 8). Our CPP studies show that nicotine (50 mg/L) elicited a significant preference for the white compartment (70% of the 10 min period spent in this site versus 40% spent prior to the drug exposure), indicating a conditioning preference induced by nicotine. By contrast, 50 mg/L of UFR2709 did not change the time spent in the non-preferred site (white site) (37% for the pre-test vs. 31% for the test). Interestingly, exposure to 50 mg/L UFR2709 before nicotine treatment (*n* = 8) blocked the conditioning evoked by nicotine (46% for the pre-test vs. 39% for the test after using nicotine/UFR2709) ([Figure 3](#molecules-25-02998-f003){ref-type="fig"}).

2.3. Gene Expression of α4 and α7 nACh Receptor Subunits in Adult Zebrafish Brain {#sec2dot3-molecules-25-02998}
---------------------------------------------------------------------------------

We determined the levels of mRNA expression of α4 and α7 nACh receptor subunits in the brain of adult zebrafish following exposure to UFR2709 or nicotine (under the same condition of CPP experiments) using standard RT-PCR. As shown in [Figure 4](#molecules-25-02998-f004){ref-type="fig"}A, α4 and α7 nicotinic receptor subunits were detected, and the mRNA levels of both subunits were differentially affected by nicotine or UFR2709 ([Figure 4](#molecules-25-02998-f004){ref-type="fig"}B). Thus, the mRNA expression level of the α7 subunit after nicotine treatment was 1.28 fold higher compared to control (*p* \< 0.05, student's *t*-test, *n* = 3). By contrast, levels of α7 mRNA in zebrafish brain after exposure to UFR2709 were not significantly different from control (0.77 versus 1.00). Furthermore, both drug treatments produced a significant decrease in levels of α4 receptor subunit mRNA. α4 expression evoked by nicotine was 0.49 (*p* \< 0.01), whereas UFR2709 produced a much stronger decrease of this nAChR subunit, 0.08 fold (*p* \< 0.0001), as compared with levels detected in the saline control group.

3. Discussion {#sec3-molecules-25-02998}
=============

In this study we used the NTT, a zebrafish model of anxiety, to measure the effects of UFR2709 and nicotine. It has been shown that the extent of the decrease in the period of time the fish spent swimming on the bottom side of the tank is associated with an anxiolytic or pleasant effect \[[@B12-molecules-25-02998],[@B31-molecules-25-02998]\]. Interestingly, both drugs showed the ability to decrease bottom dwelling time, indicating an anxiolytic effect. These results confirm the anxiolytic effects of nicotine, which have been previously reported using the same paradigm \[[@B4-molecules-25-02998]\], and emphasise the usefulness of the novel tank diving test as a good model to assess anxiolytic effects. Furthermore, these apparently controversial results, i.e., the anxiolytic effects after nAChR activation or blockade, are in agreement with previous reports showing that both nAChR agonists and antagonists exhibit anxiolytic-like effects in rodents \[[@B41-molecules-25-02998],[@B42-molecules-25-02998],[@B43-molecules-25-02998]\]. Beyond these considerations, our results demonstrate that UFR2709, a novel nAChR antagonist, acts as an anxiolytic drug in this model.

The CPP is a well-accepted paradigm to evaluate addictive properties of drugs of abuse and the possible anti-addictive effects of novel compounds. Accordingly, nicotine was able to change the preference of the fish through conditioning, spending more time into the non-preferred side (white side) as compared with the pre-test, confirming results described previously \[[@B13-molecules-25-02998],[@B24-molecules-25-02998]\]. On the other hand, UFR2709 did not significantly change the time that the fish spent on the preferred side, indicating that UFR2709 does not produce any conditioning preference. Remarkably, UFR2709, administrated before nicotine, blocked the fish's place preference stimulated by nicotine alone, an effect that was produced by the administration of UFR2709 before the conditioning sessions. Thus, our results indicate that UFR2709 produces a blockade of the effects of nicotine. In addition, we have recently reported the ability of UFR2709 to decrease ethanol intake in alcohol-preferring rats \[[@B40-molecules-25-02998]\]. Therefore, our current and previous results indicate that this compound might serve to counteract the effects of a relatively wide spectra of addictive compounds and give further support to the notion that nAChR play a pivotal role in drug abuse \[[@B44-molecules-25-02998]\].

Using standard RT-PCR, the mRNA of nAChR subunits α4 and α7 were detected in brain homogenates, confirming that these subunits are expressed on the zebrafish brain \[[@B45-molecules-25-02998],[@B46-molecules-25-02998]\]. Moreover, our results indicate that the agonist nicotine and the antagonist UFR2709, after a regime exposure that causes CPP in the case of nicotine, can differentially regulate the mRNA expression of α4 and α7 nAChR subunits. Thus, nicotine treatment produced a decrease in the α4 subunit and an increase in the α7 subunit expression, whereas UFR2709 elicited only a marked decrease in the expression of α4 subunit without modifying the level of the α7 counterpart. This last result is in agreement with previous data showing that UFR2709 displays higher affinity for α4β2 nAChRs than for α7 nAChRs \[[@B47-molecules-25-02998]\]. In our opinion, it is too early to speculate about how these changes in nAChR subunit expression might relate to the effects of both drugs in zebrafish behaviour, but further experiments in this regard are warranted.

4. Materials and Methods {#sec4-molecules-25-02998}
========================

4.1. Animals {#sec4dot1-molecules-25-02998}
------------

Adult zebrafish, both male and female from TAB-5 wild strain, were used for the behavioural experiments. They were obtained from Dr. M. Allende's Lab. (Faculty of Sciences, University of Chile) and were kept (5 for each fishbowl in order to avoid stress associated to individual confinement) at 28 °C on a 14:10 light/dark cycle. All experiments were conducted during the light hours. The zebrafish were fed daily with flake tropical fish food. All fish used were drug and experimentally naïve and were used only once. After the trials, the zebrafish were euthanised using ice-cold water.

4.2. Drugs {#sec4dot2-molecules-25-02998}
----------

Nicotine tartrate salt was used for the experiments (Sigma-Aldrich). The UFR2709 was synthetised as described previously in the literature \[[@B47-molecules-25-02998]\]. All drugs were dissolved in systems water. The drugs were administered by submerging the fish in either a beaker or a test tank, depending on the experiment, with the dissolved drug at the corresponding concentration. Drug concentrations (50--100 mg/L) were chosen on the basis of literature data for nicotine or UFR2709 in behavioural \[[@B4-molecules-25-02998],[@B24-molecules-25-02998]\], functional \[[@B47-molecules-25-02998]\], or LogP assessments \[[@B40-molecules-25-02998]\].

4.3. Novel Tank Test {#sec4dot3-molecules-25-02998}
--------------------

The test tank used was an acrylic trapezoid 14.5 cm in height, 22 cm at the bottom, 27 cm at the top, with a diagonal of 16 cm, 5 cm wide, and filled with 1.6 L of water. During the experiment, one fish (*n* = 10 per drugs at 50 and 100 mg/L plus controls) was placed in a holding tank for 5 min for acclimation, and then it was immersed in another tank with the dissolved drugs (nicotine and UFR2709 at 50 and 100 mg/L), or regular water in the case of the control group, for 3 min. Then, it was transferred to a second holding tank for 5 min and, finally, to the test tank where swimming behaviour was recorded for 5 min ([Scheme 1](#molecules-25-02998-sch001){ref-type="scheme"}). The whole procedure was done according to previous reports \[[@B30-molecules-25-02998]\]. For recording purposes, a USB webcam was used, and the tank was backlit with a white acrylic screen to provide enough contrast for detection. The swimming trajectories were analysed using Noldus Ethovision XT software (Wageningen, The Netherlands). The novel tank test was divided in two sections using Ethovision software and the time spent at the bottom section was recorded.

4.4. Conditioned Place Preference {#sec4dot4-molecules-25-02998}
---------------------------------

Our test tank was designed according to the specifications of Ninkovic and Bally-Cuif \[[@B13-molecules-25-02998]\]. The tank dimensions were 22 cm length, 16 cm width, and 12.5 cm depth, and it was filled with 2 L of water. Two different cues divided the tank in two halves: the first half was white with two black dots on the bottom of the tank and the second half was darker with a light brown colour. For the recording, the tank was placed in an isolated chamber with white backlight at the bottom and a camera at the top. The experiment was carried out over five days (8 fish were used for each experiment): on the first day, the pre-test; on the second, third, and fourth day, the conditioning; and on the final day, the test. The pre-test consisted of leaving the fish to swim across the tank for 15 min. After an initial 5 min of habituation period in the tank, the baseline preference was measured by recording the swimming behaviour for 10 min. The preferred compartment was defined as the compartment in which a fish spends most time during the 10 min of the pre-test. In the conditioning for the nicotine control group, the zebrafish were first confined to the preferred side for 20 min and then to the non-preferred side while exposed to 50 mg/L nicotine for 20 min. For the UFR2709 group, the same protocol was followed but using UFR2709 50 mg/L in the non-preferred side instead of nicotine. Finally, the UFR2709 + nicotine group received the same conditioning as with nicotine 50 mg/L, but before exposing the zebrafish to nicotine on the non-preferred side, the animal was immersed in a beaker with 50 mg/L UFR2709 for 5 min. On the fifth day, the test was performed in the same way as the pre-test to establish the final preference ([Scheme 2](#molecules-25-02998-sch002){ref-type="scheme"}). For both the pre-test and the test the recordings were analysed with Noldus Ethovision XT software (Wageningen, The Netherlands).

4.5. Reverse Transcription and quantitative Polymerase Chain Reaction (RT-qPCR) {#sec4dot5-molecules-25-02998}
-------------------------------------------------------------------------------

After treatment (under the same condition of CPP experiments), four animals were euthanised, dissected, and their brain homogenised in lysis buffer from a total RNA extraction kit (Geneaid Biotech, New Taipei City, Taiwan) and were considered one sample. Extracted RNA was treated with DNase-I (30 min, 37 °C) to get rid of genomic DNA. cDNA was synthesised from RNA with the ImProm-II Reverse Transcription System (Promega, Madison, WI, USA) using oligo dT primers. cDNA (1 µL) was used for either standard or quantitative PCR (StepOne Real-Time PCR System, Thermo Fisher Scientific, Waltham, Massachusetts, USA) using GoTaq Green Master Mix (Promega, Madison, WI, USA) or HOT FIREPol EvaGreen qPCR Supermix (Solis BioDyne, Tartu, Estonia) respectively. Specific primers were designed using Primer BLAST tool \[[@B48-molecules-25-02998]\] from the zebrafish genome reported in the NCBI database ([Table 1](#molecules-25-02998-t001){ref-type="table"}). PCR products were visualised on a 1.5% agarose gel. The comparative ΔΔCT method was used for quantification with β-actin as the internal reference gene. β-Actin expression showed no significant variation between control and treatment groups.

4.6. Statistical Analysis {#sec4dot6-molecules-25-02998}
-------------------------

The data were analysed using student's *t*-test or one-way ANOVA, depending on experiment design. The statistical analysis and data visualisation was carried out with GraphPad Prism 8 for Windows. The data shown are presented as the mean ± SEM with *p* \< 0.05, *p* \< 0.01, *p* \< 0.001, and *p* \< 0.0001 regarded as statistically significant.

5. Conclusions {#sec5-molecules-25-02998}
==============

In the present study, we confirmed the anxiolytic effect of nicotine in zebrafish using the NTT paradigm. Additionally, the addictive properties of nicotine were also confirmed using a CCP paradigm for zebrafish, which is analogous to the model used for rodents. The novel nAChR antagonist UFR2709 showed anxiolytic properties in the NTT and blocked the effect on the CCP evoked by nicotine. In addition, we showed that nAChR subunit gene expression can be differentially regulated by nicotinic agonists and antagonists. In summary, our results indicate that UFR2709 is a novel drug with an attractive pharmacological profile, potentially useful for the treatment of nicotine addiction and/or anxiety, and support the suitability of zebrafish as a neuropharmacological model.

**Sample Availability:** Samples of the compound UFR2709 are available from the authors.
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Figures, Schemes and Table
==========================

![Chemical structure of the nicotinic antagonist UFR2709 and nicotine.](molecules-25-02998-g001){#molecules-25-02998-f001}

![Bottom dwelling time (s) of the swimming zebrafish test using the novel tank test (NTT) on control, nicotine (at 50 and 100 mg/L), and UFR2709 (at 50 and 100 mg/L) groups (*n* = 50). \*\*\* *p* \< 0.001 using one-way ANOVA.](molecules-25-02998-g002){#molecules-25-02998-f002}

![Conditioned place preference. Time spent by the zebrafish on the non-preferred (white) side of the tank (percentage) on pre-test and test days after nicotine at 50 mg/L, UFR2709 at 50 mg/L, or UFR2709 + nicotine (both at 50 mg/L) administration. \* *p* \> 0.05 using student's *t*-test (*n* = 24).](molecules-25-02998-g003){#molecules-25-02998-f003}

![(**A**) Gel electrophoresis of PCR products in control (untreated) animals. Lanes 1: 100 bp DNA ladder; 2: No-RT control; 3: β-Actin; 4: nAChR subunit α4; 5: nAChR subunit α7. (**B**) Expression change of nAChR subunits α4 and α7 after nicotine or UFR2709 treatments (qPCR). \* *p* \< 0.05, \*\* *p* \< 0.01, and \*\*\*\* *p* \< 0.0001 vs. the corresponding control, using student's *t*-test.](molecules-25-02998-g004){#molecules-25-02998-f004}

![The novel tank diving test (NTT) protocol for to test anxiety behaviour. After acclimation in the first holding tanks, the fish was immersed in the drug tank for 3 min and then transferred to the second holding tank before testing in the tank test for 5 min.](molecules-25-02998-sch001){#molecules-25-02998-sch001}

![The conditioned place preference (CPP) protocol to test addiction. Day 1 pre-test, the fish swims freely, and the preferred side was selected over 10 min of recording. Day 2, 3, and 4 conditioning, the fish was restricted to the preferred side without drugs for 20 min and was then restricted to the non-preferred side with drugs for 20 min. Day 5 test, the fish swims freely and was recorded for 10 min for the CPP test.](molecules-25-02998-sch002){#molecules-25-02998-sch002}

molecules-25-02998-t001_Table 1

###### 

Sequence of the primers used to study zebrafish mRNA expression.

  Gene                                Forward Primer          Reverse Primer
  ----------------------------------- ----------------------- ----------------------
  β-Actin (NM_131031.1)               CGAACGACCAACCTAAACCTC   ACCTCCCTTTCCAGTTTCCG
  nAChR subunit α4 (NM_001048063.1)   CATGCCCATGCGGAAGAAAG    TCGTTCCACTCCTGCTTCAC
  nAChR subunit α7 (NM_201219.2)      TGCTGCCTATGGAGTGTGTC    CGTGAGTGAGTGGGTGTCAT
